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We analyze theoretically, by means of both computer simulations and laboratory experiments, the lim-
itations of correcting aberrations with ideal customized contact lenses. Four experiments are presented:
In the ﬁrst one, we have analyzed the limitations of a static correction on the dynamic wavefront. In the
second one, we studied the rotations of a contact lens on the eye using an optical method. The third one
researched the limitations of the wavefront correction, focusing on a group of normal and highly aber-
rated eyes, when the correction suffers from a permanent rotation or translation. The fourth one esti-
mates, under a simple approximation, the error made when applying on the corneal plane the
correction corresponding to the wavefront measured at the entrance-pupil plane. Results show that a sta-
tic correction of the wavefront leaves a residual aberration of 0.15–0.25 lm for a 5 mm pupil. Rotation of
the contact lens (up to ±4) diminishes the effectiveness of the correction. Horizontal or vertical transla-
tions of 0.5 mm could generate a high-order-aberration RMS that is higher than the remaining one after a
standard low-order correction. In particular, the group of eyes having normal values of high-order aber-
rations are more sensitive to translations than the one having higher values. Most of the results could be
applied to other methods of aberration correction, such as refractive surgery or correction by means of
intraocular lenses.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
During the last decade, experimental systems for the correction
of monochromatic ocular aberrations have been studied and devel-
oped. The main goal is to improve visual quality (Hofer et al., 2001;
Liang, Williams, & Miller, 1997; Yoon & Williams, 2002) or to ob-
tain high-resolution retinal images (Liang et al., 1997; Roorda &
Williams, 1999).
There are different methods to correct the ocular wavefront;
among them, adaptive optics by means of a deformable mirror ap-
plied to the eye (Liang et al., 1997; Roorda & Williams, 1999) is
probably the most popular one and provides precise and rapid cor-
rections (dozens of hertz) (Diaz-Santana, Torti, Munro, Gasson, &
Dainty, 2003). These technologies have been successfully imple-
mented in research laboratories, but the experimental systems
are too large and heavy to be used daily with the aim of improving
visual quality, in the same manner a pair of ideal glasses does.
Static correction of the aberrations might be more practical for
daily use. At a given plane, it can be attained by inducing aberra-
tions of equal value but opposite sign. In the case of contact lens
correction, the aberration pattern that is induced has to be comple-
mentary to the eye aberration measured in that same plane, so that
the wavefront coming from an axial point object to the retina willll rights reserved.be totally spherical and centered at the fovea. Fig. 1 shows this idea
schematically.
One way to produce a static correction is, for instance, through
the use of a phase lens mounted onto an ophthalmic frame. For
some normal eyes, 80% of the RMS has been compensated using
this method (Navarro, Moreno-Barriuso, Bará, & Mancebo, 2000).
The distance to the entrance-pupil plane (EPP) and the eye move-
ments might limit the ﬁeld of vision inside which visual quality
improves (Bará & Navarro, 2003). Moreover, eye rotations give rise
to a decentration of the optical system (ophthalmic lens-eye) and
lead to residual aberration (López-Gil, Chateau, Castejón-Mochón,
Artal, & Benito, 2003). As an example, a 3rd-order coma correction
might induce tilt, residual defocus and residual astigmatism
(Fernández-Sánchez et al., 2008).
In theory, another correction method showing a great potential
is customized refractive surgery (Awwad, El-Kateb, Bowman,
Cavanagh, & McCulley, 2004; Mrochen, Kaemmerer, & Seiler,
2000). This method does not have the problem of eye movements,
because the compensation is located on the ocular globe. Some
authors state that these results are better than those obtained
using the standard non-customized surgery (Sarkisian & Petrov,
2002), but a satisfactory correction of ocular aberrations has not
been achieved yet. Different factors affected the process: decentra-
tions, accuracy of the ablation procedure (Guirao, Williams, &
MacRae, 2003), cicatrization, etc. Moreover, this method is irre-
versible, and does not account for the ocular wavefront changes
+ =
Fig. 1. Principle of aberration correction using contact lenses. The ocular aberration, as well as the aberration pattern induced by the contact lens are shown above.
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(Atchison, Collins, Wildsoet, Christensen, & Waterworth, 1995;
Cheng et al., 2004; López-Gil, Iglesias, & Artal, 1998) or those that
develop with age (Brunette, Bueno, Parent, Hamam, & Simonet,
2003; Marcos, 2002).
There also exists the possibility of correcting the wavefront by
means of custom contact lenses (CL) designed to compensate the
speciﬁc aberrations of each eye. This one is a feasible option at
present, made it possible by the new manufacturing technologies.
The idea was already proposed by Smirnov (1961) as the only
possible option for ocular correction, since it can follow the
movements of the eye. Smirnov wrote almost half a century
ago: ‘‘In principle, it is possible to manufacture a lens compensating
the wave aberration of the eye in the complex form of the plates of
error. The lenses must obviously be contact ones. Otherwise, even
small turns of the eye will produce sharp increase in aberration of
the system”.
As ocular aberrations change with age, surgery, pathologies,
etc., the main advantage of contact lenses over surgery is its revers-
ible character, which allows the user to try several designs in order
to obtain the highest-possible visual improvement. In addition,
there are particular cases in which these contact lenses could be
adapted if surgical solutions were unviable or very complicated.
The standard rigid gas-permeable contact lenses (RGP CL) are
designed without taking high-order aberrations into account.
However, the mechanism of adaptation inherently entails a com-
pensation of the corneal aberrations, because the ﬁrst surface of
the lens acts practically as a new ‘‘artiﬁcial” ﬁrst corneal surface.
The contribution of the cornea to the aberrations of the human
eye is important (Lu et al., 2008), in particular, in the presence of
those pathologies that affect this organ (López-Gil et al., 2003).
As a result, total or partial correction of the aberrations induced
by this ﬁrst surface could improve the visual quality, especially
in highly aberrated eyes (Lu, Mao, Qu, Xu, & He, 2003).
A standard hydrophilic (soft) CL changes slightly its own shape
when it is adapted to the cornea, which implies that, in principle,
with this type of lenses a lower correction level with respect to
the RGP ones (Lu et al., 2003) could be expected. On the other hand,
soft CLs provide higher comfort levels than RGP ones, and they
have proved to be more stable under eye movements and blinks
(Cox & Lagana, 2004, chap. 33). Therefore, it would be necessary
to introduce special designs based on each subject’s high-order
aberrations. Customized soft contact lenses with an aspheric and
asymmetric ﬁrst surface have lead to the generation of high-order
aberrations having opposite sign to the corresponding aberrationsthat are present in the eye. First, López-Gil et al. (2003) obtained an
improvement of the visual quality in keratoconus eyes. More re-
cently, Yoon and Jeong (2005) have proposed the use of this tech-
nique not only in the presence of keratoconus, but also in post-
keratoplasty and normal eyes, where both contact lens surfaces
were customized.
Although the generation of high-order aberrations in soft CL is
technically possible (López-Gil et al., 2002), ocular wavefront cor-
rection by means of soft contact lenses can be impaired due to sev-
eral problems that limit the chances to attain a total compensation
(López-Gil et al., 2003; Thibos, Cheng, & Bradley, 2003). Ocular
aberrations change over time, even at relatively high frequencies
(Legras & Rouger, 2008) due to physiological effects such as accom-
modation (Cheng et al., 2004; López-Gil et al., 1998) or tear ﬁlm
changes (Ho, 2003; Montés-Micó, Alio, Muñoz, & Charman,
2004). The plane where the eye aberrations are usually measured,
the eye’s entrance-pupil plane (or just pupil plane), is not the plane
where the correction takes place, approximately at the ﬁrst corneal
surface (or just corneal plane). Moreover, realistic correction could
also differ from the ideal case, since soft CL could suffer from shape
distortions once it is placed on the eye. Besides, there are changes
in the tear ﬁlm that could modify the overall optical properties of
the eye. Lateral movements of the lens relative to the center of the
cornea could affect the effectiveness of the correction by generat-
ing residual aberrations (Bará, Mancebo, & Moreno-Barriuso,
2000; Guirao, Williams, & Cox, 2001). Blinks could cause a lateral
translation and/or a rotation of the soft contact lens of up to
0.6 mm and 6, respectively (Bará et al., 2000; Tomlinson, Ridder,
& Watanabe, 1994) thus preventing the perfect coupling between
the customized lens and the eye wavefront.
In the present article we study four limitations (i.e., limiting fac-
tors) to the static wavefront correction carried out in the corneal
plane, as it is the case when using customized CLs. We performed
four experiments, where the ﬁrst two were related to dynamic
changes (Experiments I and II). Simulations of rotations/transla-
tions of the wavefront correction in the pupil plane (the plane
where the aberration pattern is usually measured) were carried
out in Experiment III. Finally, in Experiment IV we developed a
simple theoretical method to assess the effect of carrying out the
wavefront correction in a different plane (corneal plane) to that
where the measurement was done (pupil plane). Ocular wave-
fronts were measured using a custom-made wavefront sensor, as
described in the next subsection. Wavefront data and other details
of the subjects were also described in a subsection. For the sake of
clarity, for each of the four experiments included in the present
N. López-Gil et al. / Vision Research 49 (2009) 1729–1737 1731study, we have included the results of each experiment immedi-
ately after the corresponding methodology.
2. Methods and results
2.1. Experimental set-up
Ocular wavefronts were obtained using the experimental sys-
tem of Fig. 2, which is based on a custom-made aberrometer. The
light source is a super-luminescent diode (Hamamatsu AS1C120)
that emits at 788.73 nm and has a spectral bandwidth of
43.10 nm. A lens placed in the diode package collimates the beam,
whose intensity is controlled by means of an adjustable current
source, which allowed to keep the incident power on the cornea al-
ways lower than 27 lW/cm2. This value is more than 1000 times
below the maximum permissible exposure (MPE) in the eye (Laser
Institute of America, 2000). The ﬂat mirror (E1) reﬂects the light
coming from the diode onto the pellicle beam splitter (D1), which
reﬂects 8% of the incident beam. This reﬂected light goes into the
eye through the entrance pupil center (or very near). The light re-
ﬂected by the retina emerges from the eye and goes through the
achromatic doublets L1 and L2 (200 mm focal length), then it is re-
ﬂected by the ﬂat mirror, and reaches the Shack–Hartmann sensor.
The sensor consists of a microlens array (square geometry, 6.3 mm
focal length; single microlens aperture: 0.6 mm) and a CCD sensor
(Dalsa CA-D4 with 12 lm pixel size). The distance between the two
lenses L1 and L2 is 400 mm, so that they conjugate the eye pupil
with the microlens array, as well as the retina with the CCD sensor
(placed on the microlenses’ focal plane). These distances are big
enough to allow the insertion of two pellicle beam splitters: D1,
in order to capture the image of the retinal light source, and D2,
in order to introduce an eye stimulus into the set-up. We can
determine the correct position of the subject (with respect to L1)
by verifying that an auxiliary camera located after L1 (through
D2) and focused at inﬁnity yields a perfectly sharp image of the pu-
pil plane.D1
L1
D2
L2
E1
E2
Superluminiscent
diode
Microlenses
and CCD
Pupil
Stimulus
Fig. 2. Experimental set-up used for Experiments I and II.At the beginning of each experiment, the subject’s head was
ﬁxed with a head-and-chin-rest assembly, then the researcher
moved them until they indicated that they could clearly see ‘‘the
red luminous point”, which corresponded to the measurement
beam. After that, a ﬁne adjustment was made in order to obtain
the clearest image of the microlenses spots and having the high-
est-possible contrast; in most cases the ﬁrst Purkinje image ap-
peared superimposed to the central spots. When the Purkinje
image was concentrated in a small area, the affected spots were ex-
cluded from the analysis.
Images were recorded under natural viewing conditions (with-
out pupil dilation or cycloplegia of any kind). The subjects could
blink freely. When the recording began they were told to pay
attention to ‘‘the red point”, corresponding to the measurement
beam. Exposure time was around 0.5 s. In Experiments I and III
we recorded a set of 10 wavefronts for each eye. In Experiment
III only the ﬁrst wavefront of the series that was free from any kind
of artifact (reﬂections, missed spots due to any reason, subject not
being perfectly centered,...) was analyzed. The subject was in-
structed not to blink while the recording was in progress. However,
in experiment II the exposure time was about 30 s and the subject
was free to blink. Hartmann–Shack images were displayed in real
time on the computer screen during the wavefront measurements,
allowing the researchers to ensure that the pupil diameter was
always above 5 mm. Repeated aberration measurements carried
out in an artiﬁcial eye revealed an standard deviation of
0.002 lm and 0.001 lm corresponding to total and high-order
RMS, respectively.
2.2. Subjects
Experiment I was performed in two subjects aged 38 and 30,
respectively. The ﬁrst one did not have any ocular pathology, but
for the second one, the measured eye had a keratoconus. In
Experiment II only one subject took part, a 38-year old having
no eye pathologies. In Experiment III we measured eight eyes,
which could be split into two groups depending on the value of
the high-order RMS (HORMS). The ﬁrst group was made up of
four normal eyes (two myopic and two astigmatic) having a
HORMS below 0.2 lm for a 5 mm pupil. The second group com-
prised those eyes with a corneal pathology (two had a keratoco-
nus and two had undergone penetrating keratoplasty), whose
HORMS was above 0.6 lm for a 5 mm pupil. Table 1 shows the
values of the Zernike coefﬁcients (up to the 4th-order) for each
eye.
2.3. Experiment I. Dynamic changes of the ocular wavefront
We studied the limitation due to the static nature of the correc-
tion; that is, the limits that appear when correcting a dynamic
wavefront using a method based on wavefront data measured at
a certain moment in time.
Fig. 3A shows the temporal change in Zernike coefﬁcient values
corresponding to 2nd-, 3rd- and 4th-orders for a non-pathological
myopic subject (see Table 1, subject designated ‘‘Myopic 1”). For
each of the 10 wavefront measurements, the Zernike coefﬁcients
have been offset against the ﬁrst measurement, which is why in
Fig. 3A all the values were zero at t = 0 s. HORMS reached a maxi-
mum value of 0.11 lm, which corresponds to a little bit more than
half of the maximum value observed for the total RMS (about
0.2 lm).
Fig. 3B shows the same type of data, but obtained in this case for
a keratoconus eye (see subject designated ‘‘Keratoconus 1” in Table
1). Here the HORMS reaches a maximum value of about 0.13 lm,
which again corresponds approximately to half of the maximum
value of the total RMS (about 0.27 lm).
Table 1
Ocular aberration data (lm) in the group of study for a 5 mm pupil diameter.
Coef. Astigmatic 1 Astigmatic 2 Myopic 1 Myopic 2 Keratoconus 1 Keratoconus 2 Keratoplasty 1 Keratoplasty 2
3 1.06 0.76 0.06 0.09 0.06 0.41 0.77 4.58
4 1.83 2.13 3.79 3.38 3.49 5.03 6.65 1.26
5 0.94 0.17 0.13 0.11 0.89 2.90 1.35 1.05
6 0.01 0.04 0.03 0.09 0.32 0.76 0.09 0.16
7 0.01 0.05 0.05 0.12 0.40 0.38 0.12 0.14
8 0.04 0.09 0.13 0.02 0.31 0.14 0.24 0.46
9 0.05 0.05 0.03 0.01 0.27 0.34 0.50 1.38
10 0.03 0.04 0.01 0.01 0.06 0.04 0.06 0.16
11 0.03 0.01 0.01 0.01 0.05 0.01 0.03 0.29
12 0.02 0.04 0.08 0.07 0.15 0.04 0.21 0.14
13 0.01 0.01 0.04 0.00 0.14 0.17 0.04 0.12
14 0.00 0.02 0.02 0.05 0.00 0.08 0.09 0.04
RMS 2.32 2.27 3.80 3.38 3.67 5.90 6.86 5.10
RMS HO 0.08 0.14 0.17 0.17 0.70 0.95 0.62 1.51
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0.25
0 0 .6 1 .2 1 .8 2 .3 2 .9 3 .5 4 .1 4 .7 5 .3
Time (sec.)
M
ic
ro
ns
3
4
5
6
7
8
9
10
11
12
13
14
RMS
RMS HO
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (sec.)
M
ic
ro
ns
3
4
5
6
7
8
9
10
11
12
13
14
RMS
RMS HO
A
B
Fig. 3. Changes of the ocular aberrations with time observed for the subjects designated Myopic 1 (A) and Keratoconus 1 (B) in Table 1. The plot shows relative variations; i.e.,
relative to the initial values (t = 0 s).
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We assessed the rotations of a CL (specially designed to produce
a large amount of vertical coma) from wavefront measurements.The angle of rotation was computed by combining those Zernike
coefﬁcients that account for vertical and horizontal coma; that is:
Angle ¼ arctanðZ13=Z13 Þ ð1Þ
N. López-Gil et al. / Vision Research 49 (2009) 1729–1737 1733Fig. 4 shows the temporal evolution of the amount of coma induced
in one of the subjects (see subject ‘‘Myopic 1” in Table 1) after
adapting a coma CL designed to induce a value of Z13 equal to
1.23 lm (5 mm pupil) (López-Gil et al., 2002). This coma will dom-
inate 3rd-order aberrations (and high-order aberrations as well)
and, as a result, the temporal variation in horizontal ðZ13 Þ and ver-
tical ðZ13Þ coma will provide information about the rotation under-
gone by the CL in the eye. Small changes (less than 0.1 lm) in
magnitude of the coma-related RMS observed during the exposure
interval indicate that other possible artifacts subject to produce
coma are small compared with the coma induced. The peak in the
RMS observed at t = 18 s corresponds to a blink. For the sake of clar-
ity, we have offset this angle at t = 0 s in Fig. 4.
Fig. 5A and B show the ex-vivo CL’s wavefront (computed by
subtracting the naked eye’s wavefront from the eye + CL’s one)
and its corresponding PSF. From Fig. 6 we can determine the actual
rotation of the CL at t = 0 s.
2.5. Experiment III. Static rotations and translations of the CL
We simulated decentrations and rotations of an ideal CL on dif-
ferent groups of eyes: some had myopia, astigmatism or keratoco-0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time (sec.)
R
ot
at
io
n 
an
gl
e 
(d
eg
.)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
R
M
S 
(m
icr
on
s)
Coma axis rotation (deg.)
 Coma RMS (microns)
Fig. 4. Rotations of a CL. Left scale: computed absolute value of the rotation angle of
a CL designed to induce coma (as measured on the subject Myopic 1 from Table 1).
Right scale: RMS of the wavefront corresponding to the eye wearing the CL, but
after subtracting the wavefront measured for the naked eye.
Fig. 5. Wavefront (A) and PSF (B) for a 5 mm pupil computed by subtracting from the
generating CL the corresponding aberrations of the naked eye.nus, and other eyes had undergone a corneal transplantation
(penetrating keratoplasty). Our goal was to investigate the maxi-
mum tolerances regarding possible translations and rotations of
the CL, in order to identify what kind of wavefront (little or highly
aberrated) is more suitable to be corrected with CLs.
Experiment II conﬁrmed that typical rotation angles of a CL
adapted onto the eye reach up to 4. We were interested in study-
ing the effect of a static rotation of an ideal CL. Fig. 6A1 shows the
theoretical residual aberration when including a rotation of the
contact lenses of up to ±5.
Fig. 6A2 shows the same values as Fig. 6A1, but plotting them in
this case as a ratio, relative to the high-order aberrations of the
naked eye. Thus, the Y-axis represents the value obtained after
dividing the RMS of the residual aberrations (occurred due to the
rotation (X-axis) of the CL) by the HORMS (since high-order aber-
rations would remain totally uncorrected after a perfect low-order
correction). This way Fig. 6A2 gives us an idea of the correction
efﬁciency in relation to the high-order aberrations that are present
in the eye: that is, values higher than 1.0 in the Y-axis indicate that
the RMS corresponding to the residual aberration generated due to
the rotation of the ideal CL is even higher than the RMS resulting
from the aberrations of the naked eye once the low-order ones
have been corrected. Thus, in this case, a good standard sphero-
cylindrical correction will be probably more efﬁcient than a rotated
ideal CL.
It is also known that possible translations of a CL are usually less
than a half of a millimeter (Tomlinson et al., 1994), which is why in
the computer simulation the translation values have been limited
to the ±0.5 mm range. Fig. 6B1 shows the residual aberration com-
puted after a vertical displacement of the ideal CL (Bará et al.,
2000; Tomlinson et al., 1994). In the same manner that was done
in the case of rotations, Fig. 6B2 shows the results obtained by
dividing the theoretical residual RMS (due to the displacements
of the ideal CL) by the high-order-aberration RMS.
Fig. 6C1 and C2 shows the theoretical results yielded by the
simulation of horizontal displacements ranging from 0.5 mm to
±0.5 mm.
2.6. Experiment IV. Axial displacement
We performed simulations based on the wavefront measured
for the same groups of eyes that took part in Experiment III, in or-
der to analyze the effect of the location of the planes where wave-
front measurement and wavefront correction are performed. As
mentioned above, wavefront measurements with custom-made,
as well as with commercial aberrometers, are usually carried out
at the EPP. However, the plane where correction with a CL takes
place is approximately the corneal plane, which lies about 3 mmaberration pattern measured for an eye (Myopic 1, Table 1) wearing a pure coma-
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1734 N. López-Gil et al. / Vision Research 49 (2009) 1729–1737in front of the pupil plane. The optical phase generated by the con-
tact lens will propagate, changing its shape before reaching the pu-pil plane. Bará et al. (2000) propose a method to study this
propagation, although it can prove to be quite complicated. Here
N. López-Gil et al. / Vision Research 49 (2009) 1729–1737 1735we propose a simpler approximation, based on the computation of
the geometrical projection of the pupil radius at the pupil plane
onto the plane where the correction will take place (corneal plane).
Fig. 7 shows a schematic diagram of this pupil projection in the
case of a myopic eye.
A simple geometrical analysis shows that the pupil radii at the
pupil plane and at corneal plane are related as follow:
rCP ¼ rPPðL=ðLþ dÞÞ ð2Þ
where ‘‘rCP” and ‘‘rPP” are pupil radii at the corneal and at the pupil
plane respectively, ‘‘d” is the distance between these two planes,
and ‘‘L” is the distance form the cornea to a plane conjugated with
the retina. L and d are positive in the direction of light propagation
(right to left in Fig. 7).
Eq. (2) could be expressed in terms of corneal refraction
(R = 1/L), as follows:
rCP ¼ rPP=ð1 R dÞ ð3Þ
In the presence of large amounts of astigmatism (for example, in
keratoconic eyes), the propagation of the wavefront could be very
different depending on the axis, leading to an elliptical projection
on the corneal plane of a circular pupil in the pupil plane. This is
why instead of using R as eye refraction in Eq. (3), we should use
the spherical equivalent, M.
Now, if a wavefront, WPP, is obtained at the pupil plane with a
radius of rPP in a, for instance, myopic eye, and these 2D data is sub-
sequently used to manufacture a CL to correct the eye aberrations
without taking into account the change of radius, the correction at
the corneal plane will be done for a larger radius (rPP instead rCP),
which means that the correction would not be complete. Then,
assuming the hypothesis that the Zernike coefﬁcient values do
not change between pupil and corneal planes in a free propagation
(which, strictly speaking, is not true), the radius of the pupil where
those coefﬁcients are deﬁned is modiﬁed by a factor of
1/(1 M  d). Taking into account that the dependence of an
nth-order coefﬁcient with the normalized pupil radius, q, is qn,Corneal
Plane
Entrance
Pupil Plane
L d
W’ W rCP rEPP
Rays coming
from the fovea
Fig. 7. Pupil radius modiﬁcation when the wavefront propagates from the entrance
pupil to the corneal plane, in the case of a myopic eye.W and rPP are wavefront and
pupil radius at the entrance-pupil plane, respectively. W0 and rCP are wavefront and
pupil radius at the corneal plane.
Table 2
Percentage of relative error (RE) when computing the aberration in the corneal plane with r
and total RMS from Eq. (5). Last row shows the spherical equivalent (M), from Eq. (5).
Astigmatic 1 Astigmatic 2 Myopic 1 Myopic 2
M 1.94 2.19 4.54 4.05
RE: n = 2 1.17 1.32 2.71 2.42
RE: n = 3 1.76 1.97 4.04 3.61
RE: n = 4 2.33 2.62 5.35 4.78
RE: RMS 1.17 1.32 2.72 2.43any nth-order Zernike coefﬁcient, Cxn (r, h), at the corneal plane will
be related to the coefﬁcient of the same Zernike mode at the pupil
plane, C0xn (r, h), as follows:
½Cxnðr; hÞCP  ð1=ð1M  dÞÞn½C 0xn ðr0; hÞPP ð4Þ
We can obtain the spherical equivalent for all the subjects of Table 1
using the following metrics computed on the wavefront data (Thi-
bos, Hong, Bradley, & Applegate, 2004):
M ¼ Z
0
24
ﬃﬃﬃ
3
p
þ Z0412
ﬃﬃﬃ
5
p
r2
ð5Þ
After Eq. (4), a percentage of the relative error (RE), which is origi-
nated from the change of plane between the measuring and the cor-
rection procedures, can be calculated as follows:
RE ¼ 100 j½Cxnðr; hÞCP=½C0xn ðr0; hÞPP  1j
 
¼ 100 j½ð1=ð1M  dÞÞn  1j  ð6Þ
where the symbol || indicates the absolute value and n is the Zer-
nike order. Table 2 shows the results from Eq. (6) computed up to
4th-order (n = 4) and using d = 3.05 mm, which is the distance be-
tween the entrance-pupil plane and the corneal plane in Navarro’s
eye model (Navarro, Santamaría, & Bescós, 1985).
3. Conclusions
3.1. Experiment I
This experiment shed some light on the limitations imposed by
any kind of static wavefront correction. It is interesting to point out
the fact that the remaining HORMS in subject Myopic 1 is around
0.1 lm (Fig. 3A), which corresponds to about half of the typical
HORMS value found in subjects having no eye pathologies (Salmon
& Van de Pol, 2004). Comparing Myopic 1 and Keratoconus 1
(Fig. 3) we ﬁnd a similar absolute remaining HORMS, 0.11 lm
and 0.13 lm, respectively, but very different relative changes when
comparing them to the uncorrected (naked) eye’s HORMS: 50% and
14%, respectively. This should not be surprising because the origins
of the variability are the same ones (lens dynamic, tear ﬁlm
changes,...) although the uncorrected HORMS are very different in
these two subjects (see Table 1). The remaining RMS for the Myo-
pic 1 eye (Fig. 3A) is about 0.2 lm, which is similar to the values
found by other authors (Diaz-Santana et al., 2003; Iskander, Col-
lins, Morelande, & Zhu, 2004) and which amounts to about twice
the remaining RMS reached after dynamic wavefront correction
by deformable mirrors (Diaz-Santana et al., 2003; Hofer et al.,
2001; Legras & Rouger, 2008; Roorda et al., 2002).
For Myopic 1 and the Keratoconus 1 (Fig. 3), the remaining
defocus value (coeff. 4) also changed in value during the experi-
ment, going from negative to positive. For Myopic 1 the defocus
varied from 0.05 to +0.05 lm (Fig. 3A), whereas it varied from
0.05 to +0.15 lm for the Keratoconus 1 (Fig. 3B). These changes
could probably be due to microﬂuctuations of the accommodation,
which have an amplitude of about 0.1–0.2 D and a temporal fre-
quency of 2–5 Hz (Hofer, Artal, Singer, Aragón, & Williams, 2001).espect the pupil plane. Relative error is computed in each Zernike order (n = 2, 3 or 4)
Keratoconus 1 Keratoconus 2 Keratoplasty 1 Keratoplasty 2
3.22 5.75 6.47 0.80
1.94 3.41 3.83 0.48
2.89 5.08 5.69 0.72
3.84 6.71 7.51 0.96
1.97 3.46 3.85 0.51
1736 N. López-Gil et al. / Vision Research 49 (2009) 1729–1737It is important to point out that the dynamic changes in RMS that
give rise to Fig. 3a and b, not only account for changes in ocular
wavefront but also for potential changes due to other factors, such
as multiple reﬂection by scattering layers or noise in the measure-
ment produced by eye movements, centroid or pupil center detec-
tion algorithms, etc.
3.2. Experiment II
Two main conclusions can be drawn from Fig. 4. First, as men-
tioned above, the maximum rotation angle of the CL seems to be
about 4. This value is similar to the one obtained using other tech-
niques that take a direct measure of the CL (Tomlinson, 1983).
However, as far as we know, this is the ﬁrst time that an indirect
optical method, based on wavefront measurement, has been used
for this purpose. Second, we have observed rotation angles of up
to 2.5 during the course of a single wavefront measurement
(about 0.5 s), which allows to conclude that the lens’ rotation
speed could be of up to 5/s.
As it has been previously reported (López-Gil et al., 2003), it is
interesting to see from Fig. 5 that even though the CL was designed
to induce a vertical coma, once the CL was adapted on the eye, the
resulting coma was not at 90 but at about 70. Thus, in absolute
terms, in case we wanted to correct a vertical coma in an eye with
this lens, this static rotation would play a much more important
role in the correction process than the dynamic changes of the
CL’s angular position, which amount to less than 5.
3.3. Experiment III
From Fig. 6A1 it is clear that the residual aberration produced
by rotation is much larger in the pathological eyes than in the
non-pathological ones, except for the Keratoconus 1. This is prob-
ably due to the fact that Keratoconus 1 is the pathological eye hav-
ing less astigmatism (see coefﬁcients 3 and 5 in Table 1), which is
an aberration term that is very sensitive to rotations. This can be
seen in Fig. 6A2, where non-pathological eyes with astigmatism
(Astigmatics 1 and 2) have larger values of relative residual aberra-
tion, being Keratoconus 1 the pathological eye with the lowest val-
ues. It is interesting to point out that Astigmatics 1 and 2 show a
very rapid increase in their relative residual aberration; for in-
stance, astigmatic 1 reaches a value of 1.0 for an angle of rotation
of about ±2. This means that an ideal CL placed on this eye but ro-
tated 2 will produce a residual RMS similar to the RMS that the
eye would show following a standard (2nd-order) correction. Thus,
from Fig. 6A2 it can be expected that Astigmatic 1 wearing an ideal
CL would not have better vision than when wearing spectacles. In
the case of Astigmatic 2, the CL correction would not be worth-
while beyond ±5 of rotation; in this case, and without taking into
account the rest of limitations, the subject would probably have a
better vision when wearing the CL. It can also be seen from Fig. 6A2
that in the case of pathological eyes, the relative residual aberra-
tion caused by a rotation of up to ±5 amounts to less than half
the RMS of the residual high-order aberration (uncorrected by a
standard correction method), indicating that for this group the cus-
tomized CL could provide a remarkable advantage over the stan-
dard correction.
Fig. 7B1 shows that the pathological eyes included in this study
are much more sensitive to vertical displacements of a customized
CL, being in this case both astigmatic eyes the least affected by this
type of CL translation. However, when the residual RMS values are
given relative to the HORMS (Fig. 6B2), it can be seen that Myopics
1 and 2 are the most sensitive ones. In particular, Myopic 2 is prob-
ably the most affected due to the presence of vertical coma C7 (see
Table 1). For vertical displacements (Fig. 6B1 and B2) Keratoconus
1 and 2, Astigmatic 1 and Keratoplasty 1 are the eyes the least sen-sitive to displacements. Beyond 0.5 mm, the relative residual HOR-
MS is about the same for three out of the four non-pathological
eyes and only for one out of the four pathological cases studied.
Lateral movements of the customized CL yield a minor detri-
mental effect to the optical correction on the non-pathological
eyes, compared with the pathological ones (see Fig. 6C1). In partic-
ular, Keratoplasty 2, followed by Keratoconus 2, was the eye under
test that was most sensitive to this type of displacement. However,
the residual RMS in relation to the HORMS of the naked eye
(Fig. 6C2) indicates that the two eyes that were most sensitive to
lateral movements of customized CL are non-pathological eyes
(Astigmatic 1 and Myopic 1). In those two normal eyes, half a mil-
limeter of lateral displacement of a customized CL can eliminate
any additional beneﬁt provided by the customized correction. Nev-
ertheless, the correction seems to be more robust for Keratoplasty
1, Keratoconus 1 and Myopic 2 against this type of displacements.
Myopic 1 is affected by horizontal translations due to the presence
of horizontal coma (Table 1). Lateral movement of the CL also af-
fects Keratoplasty 2 and Keratoconus 2 due to their trefoil and hor-
izontal coma (Table 1).
Following Guirao and coworkers’ results, the theoretical maxi-
mum angle of rotation and distance of translation are inversely
proportional to the order of the aberration to be corrected (Guirao
et al., 2001). Our results agree with this statement, showing that
keratoconic and post-keratoplasty eyes, which show high values
of 3rd-order aberrations, are more sensitive to a rotation or to
translation than myopic and astigmatic eyes.
3.4. Experiment IV
Absolute (AE) and relative error (RE) values obtained from cal-
culations after an axial displacement from the pupil plane to the
corneal pupil plane are small but not negligible for high-order
aberrations when the subject refraction is relative high (see Table
2). In particular, for spherical aberration (n = 4), Keratoconus 2
and Keratoplasty 1 showed an RE of about 7%. The smallest RE ob-
tained for n = 4 in our group was for Keratoplasty 2, which
amounts to less than 1%. It is interesting to point out that non-
pathological eyes, such as Myopics 1 and 2, got a RE of about 4%
and 5% for n = 3 and n = 4, respectively, suggesting that this dis-
placement should be taken into account when calculating the ﬁnal
correction at the corneal plane from wavefront outcomes.
Axial displacement could also become an important limitation
when the subject’s iris is not perfectly in focus when the wavefront
is recorded. If the plane for which the wavefront was obtained is
deeper (closer to the retina) than the pupil plane, the distance to
the corneal plane will be larger, leading as well to an increase in
the relative error. Moreover, in the case where the correction
was carried out at a ‘‘spectacle plane”, located 12 mm in front of
the corneal plane (about 15 mm from the pupil plane), the RE
would reach a value of about 15% and 20% for n = 3 and n = 4,
respectively. This geometrical change of pupil radius and of Zer-
nike aberration pattern should be taken into account when com-
puting the internal aberrations as the difference between total
and corneal aberrations, a method that has been employed by
many authors for the past few years (Artal, Guirao, Berrio, & Wil-
liams, 2001).
When comparing the different experiments, static rotations and
displacements represent a higher limitation to the efﬁcacy of the
correction than axial displacements, a ﬁnding that is in accordance
with previous theoretical studies (Bará et al., 2000). The limits to
the correction imposed by vertical and horizontal movements of
the CL and by its rotation would depend on the particular wave-
front aberration pattern. Among those eyes under study and in rel-
ative terms, non-pathological eyes were more sensitive to
displacements and rotations of the correcting element than those
N. López-Gil et al. / Vision Research 49 (2009) 1729–1737 1737eyes showing larger high-order aberrations, with the exception of
rotations of a CL on the astigmatic eyes. The pathological eyes
studied here could tolerate translations (vertical or lateral) of a
customized CL of up to 0.5 mm as well as rotations of up to 5
(or probably even more).
Some or all of the limitations studied in this article can be ap-
plied to the wavefront correction either by means of customized
refractive surgery or by intraocular lens implantation.
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